Genome-wide association studies (GWAS) have long relied on proposed statistical significance thresholds to be able to differentiate true positives from false positives. Although the genome-wide significance P-value threshold of 5 × 10 À8 has become a standard for common-variant GWAS, it has not been updated to cope with the lower allele frequency spectrum used in many recent array-based GWAS studies and sequencing studies. Using a whole-genome-and -exome-sequencing data set of 2875 individuals of European ancestry from the Genetics of Type 2 Diabetes (GoT2D) project and a whole-exome-sequencing data set of 13 000 individuals from five ancestries from the GoT2D and T2D-GENES (Type 2 Diabetes Genetic Exploration by Next-generation sequencing in multi-Ethnic Samples) projects, we describe guidelines for genome-and exome-wide association P-value thresholds needed to correct for multiple testing, explaining the impact of linkage disequilibrium thresholds for distinguishing independent variants, minor allele frequency and ancestry characteristics. We emphasize the advantage of studying recent genetic isolate populations when performing rare and low-frequency genetic association analyses, as the multiple testing burden is diminished due to higher genetic homogeneity.
INTRODUCTION
In genetic association analyses of complex traits, determining the correct P-value threshold for statistical significance is critical to control the number of false-positive associations. Although the genome-wide significance (WGS) P-value threshold of 5 × 10 − 8 has become a standard for genome-wide association studies (GWAS), 1,2 it has not been updated to account for the lower allele frequency spectrum used in many recent array-based GWAS studies 3 and sequencing studies. Different statistical procedures accounting for multiple testing have been used in the genome-wide setting, including the naive Bonferroni correction, 4 which can be overly conservative due to the assumption that every genetic variant tested is independent of the rest; false discovery rate procedures, 5 permutation based-approaches 2 and Bayesian approaches. 6 Here, we set out to perform an updated evaluation of the significance threshold for genome-wide genetic association studies designed to discover loci associated with complex traits using a multiple testing approach to control the number of false-positive associations. Guidelines developed in this paper can be useful for researchers using human sequence data (for either direct association testing or as an imputation panel) to evaluate variants in the lower frequency spectrum of their samples. In 2005 the International HapMap Consortium 1 used permutation testing of genotypes in 10 densely genotyped Encyclopedia of DNA Elements genomic regions to estimate the number of common independent variants (minor allele frequency (MAF) ≥ 5%) to be 150 per 500 kilobase pairs (kb) in European population. Extrapolating to all the genome (~3.3 Gb) suggested a significance threshold of 5 × 10 − 8 . Since then, this WGS threshold became a standard for reporting genome-wide association significance hits at MAF ≥ 5% for European ancestry populations. 2, 3 Moreover, the HapMap variation catalog 1,7 established most of the variation that one could test for association and set a P-value threshold for WGS that was invariant to a study's sample size at MAF ≥ 5%. More recently, whole-exome-and -genome-sequencing projects greatly expanded the number of genetic variants that one could use in association studies. In the 1000 Genomes sequencing project, 8 it was observed that~50% of observed genetic variants were novel, even in the well-characterized Encyclopedia of DNA Elements regions. Sequencing studies lead to an increased number of low-frequency (0.5%oMAFo5%) and rare (MAFo0.5%) variants, arguing for a more stringent statistical threshold for association testing in studies utilizing sequence data. 9 was used to calculate the number of biallelic tag SNPs using the correlation coefficient (r 2 ) linkage disequilibrium (LD) metric at different LD thresholds (in autosomes plus chromosome X). Tag SNPs are the SNPs selected by the LD pruning algorithm to be kept on the pruned subset. The estimate of the number of independent variants is consistent if the snpgdsLDpruning algorithm is re-run. We repeated the snpgdsLDpruning command 10 times for the whole-genomesequencing variants on chromosome 21, and we found that the SD of the number of independent variants at each LD threshold was always o0.1% of the mean number of independent variants. The vcftools package 10 was used to subset the data at different MAFs. The P-value needed to reach genome-and exome-wide significance at different MAFs and LD thresholds was calculated as 0.05/number of tag SNPs. SNPs below a defined LD threshold are considered independent. For simplicity, the comparison between different WGS ancestry groups (UK, Sweden and Finland) and LD reliability based on sample size were done only on chromosome 21 at MAF ≥ 5%, MAF ≥ 1% and MAF ≥ 0.5%. The results were then extrapolated to all genome based on the genome and chromosome 21 sizes taken from Ensembl browser. 11 Only 512 samples taken at random from each population were chosen for the WGS ancestry comparison as this was the minimum number of samples for one of our ancestry groups (Sweden). The same was applied for the WES ancestry comparison (minimum number of samples = 861). We also used the Dʹ LD metric, implemented in the snpgdsLDpruning algorithm, to calculate the number of biallelic tag SNPs at different LD thresholds. Dʹ measures the evolutionary genealogy of a pair of variants -and is influenced by the amount of recombination that has occurred between the two loci as the appearance of the more recent variant. When used with the binning approach described in the paper, Dʹ would create bins of SNPs that do not tag the same association signal -as the power of LD mapping (observing an association in a non-causal SNP that is linked to the causal SNP) is a function of r 2 and not Dʹ. Furthermore, Dʹ has the disadvantage that the estimate can be biased upward if allele frequencies between loci are very different, the sample size is small, or the frequency of the variants are low.
MATERIALS AND METHODS

RESULTS
For this analysis, we used a WGS and WES data set of 2875 individuals of European ancestry from the GoT2D and a whole-exome-sequencing data set of 13 000 individuals from five ancestries from the T2D-GENES projects (Flannick et al, Teslovich et al, submitted) . For each scenario of data type, MAF, LD threshold and ancestry, we estimate the number of independent genetic variants and calculate a statistical significance threshold to maintain a family-wise type I error rate of 5%: 0.05/number of independent variants (Materials and methods).
We found that the genome-and exome-wide association significance P-value thresholds needed for association testing depend upon the LD cut-off chosen for defining independence between variants, MAF and ancestry ( Figure 1 ). As expected, for both genome-and exome-wide significance thresholds in the GoT2D data set, as lower LD is considered, more variants are considered dependent, relaxing the required P-value significance threshold (Materials and methods). In addition, as the minimum MAF of the variants included in a study decreases, more stringent significant thresholds are needed due to the Table S1; Supplementary Table S2 ). The data points with LD41 refer to no LD pruning.
increasing number of variants and the lower LD between less frequent variants ( Figure 1 ; Supplementary Table S1; Supplementary Table S2) .
Interestingly, the widely used genome-wide P-value threshold of 5 × 10 − 8 is valid for common variants (MAF ≥ 5%) only if a LD r 2 o0.8 is applied (see Supplementary Table S1 for other thresholds). Under a model using this LD threshold for tagging SNPs, then we would have a P-value threshold of 3 × 10 − 8 , 2 × 10 − 8 and 1 × 10 − 8 , for analyses of variants with MAF ≥ 1%, MAF ≥ 0.5% and MAF ≥ 0.1%, respectively (Figure 1a; Supplementary Table S1 ). For exomewide significance (also at LD r 2 o0.8), we would have a P-value threshold of 1 × 10 − 6 at MAF ≥ 5%, 7 × 10 − 7 at MAF ≥ 1%, 5 × 10 − 7 at MAF ≥ 0.5% and 3 × 10 − 7 at MAF ≥ 0.1% (Figure 1b ; Supplementary Table S2), roughly consistent with the WES threshold commonly used that is based on a Bonferroni correction for 100 000 variants with MAF ≥ 0.5% (P-value = 5 × 10 − 7 ).
Importantly, if no LD threshold is applied, that is, including all variants even if they are in perfect LD (LD r 2 = 1), this naive Bonferroni correction will lead to unnecessary testing. For instance at MAF ≥ 0.1%, you end up testing 833 000 variants that are in perfect LD (Figure 1a ; Supplementary Table S1 ). Of note, 92% of biallelic SNPs from our GoT2D exome-sequencing data set of European ancestry are also captured by the general population (ExAC database -http://exac.broadinstitute.org/).
We also examined the significance P-value threshold for various sample sizes to determine its effect at different allele frequencies. We observed clear evidence that for studies that include variants with MAF ≥ 0.5%, the statistical significance P-value threshold calculated in a European sample of N = 2875 is reliable for smaller studies of the same ancestry when N4500 (Supplementary Figure S1 ; Supplementary  Table S4 ). When we evaluated the Dʹ, we observed that the number of tag SNPs was much lower and less dependent on allele frequency than the using r 2 as the LD measure (Supplementary Figure S2) .
As the GoT2D whole-genome data set included 4500 individuals from each of three ancestries: UK (n = 660), Sweden (n = 512) and Finland (n = 1442) and the T2D-GENES exome-sequencing data set included 4861 individuals from each of five diverse ancestries (South Asian, East Asian, European, Hispanic and African-American), we questioned if the statistical significance threshold controlling the falsepositive rate for low-MAF variants changes with ancestry characteristics. We hypothesized that due to the Finnish population history shaped by relative few founders and recent rapid expansion, 12, 13 we would have an advantage when performing rare/low-frequency variant analysis in this population in comparison with the UK and Swedish populations. In fact, for the Finnish population there are a lower number of independent variants among low-frequency variants, requiring a less stringent correction for statistical association testing and increased power (Figure 2a ; Supplementary Table S3 ). For instance, at a LD threshold of r 2 o0.8 and MAF ≥ 0.5%, we would have a WGS significance P-value threshold of 2.6 × 10 − 8 in Finns, whereas for the Swedish and British ancestries it would be 2.3 × 10 − 8 , which would require testing 4200 000 extra variants in the latter two populations (Supplementary Table S3 ). Likewise, when considering the ancestries represented in the T2D-GENES whole-exome-sequence data set, we observe an increased testing burden for ancestry groups with a greater genetic diversity, in particular the African-Americans (Figure 2b; Supplementary Figure S3 ). This emphasizes the advantage of performing rare/low-frequency variant association studies in isolated populations with a relative lower effective population size, as the length of shared haplotypes is greater with lower allele frequency, in line with what has been previously reported. 7 Figure 2 P-value needed to reach WGS at different MAF and LD thresholds for a whole-genome analysis of Finnish, Swedish and British populations (a) and whole-exome-sequencing analysis of diverse ancestries (b) using the same sample sizes across ancestries (N = 512 for WGS, N = 861 for WES). The horizontal lines show the commonly used significance P-value threshold for WGS (5 × 10 − 8 ) and WES (5 × 10 − 7 ). Supplementary Figure S3 presents the multiple ancestry data divided into separate plots.
DISCUSSION
Taken together, this study provides guidelines for genome-and exome-wide association P-value thresholds needed to correct for multiple testing, explaining the impact of LD thresholds for distinguishing independent variants, MAF and ancestry characteristics.
We confirm the 5 × 10 − 8 P-value threshold for WGS to be valid for common (MAF45%) genetic variation in the European population. However, for lower frequency variants, the genome-wide P-value threshold needs to be more stringent for studies with European ancestry (3 × 10 − 8 for MAF ≥ 1%, 2 × 10 − 8 for MAF ≥ 0.5% and 1 × 10 − 8 for MAF ≥ 0.1% at LD r 2 o0.8). For exome-sequencing studies, exome-wide-significant thresholds should also be agreed and adopted by the scientific community; for studies with European ancestry, P-value threshold of 1 × 10 − 6 , 7×10 − 7 , 5×10 − 7 and 3 × 10 − 7 , for MAF ≥ 5%, MAF ≥ 1%, MAF ≥ 0.5% and MAF ≥ 0.1%, respectively, are reasonable. Studies of other ancestry groups should consider the degree of genetic variation when considering the appropriate statistical significance threshold.
We also demonstrate the advantage of studying isolated young populations with a relative lower effective population size, for analysis of rare variants, since their lower genetic diversity translates into fewer independent rare variants and therefore, less multiple testing burden and consequent increased power in rare variant analysis.
We acknowledge that the frequentist approach of using P-value thresholds as a measure of statistical evidence has important limitations, as it does not take into account the power of the tests, as it is a threshold suggested for all sample sizes and allele frequencies. 14, 15 Although in a Bayesian setting, one can incorporate these parameters as prior odds of belief, it needs prior distributions to be defined for model parameters, involving intensive computation to incorporate likelihoods over the defined parameter space. By doing so, if different studies adopt different priors, comparability of findings between studies remain problematic. Nevertheless, we believe that the Bayesian approach has its most value for region fine mapping to identify the true causal variant(s). 16 
